NASA Technical Memorandum 106467 Army Research Laboratory
Memorandum-ARL-TR-345

Application of Fault Detection Techniques to
Spiral Bevel Gear Fatigue Data

James J. Zakrajsek
Lewis Research Center
Cleveland, Ohio

and

Robert F. Handschuh and Harry J. Decker
Vehicle Propulsion Directorate

U.S. Army Research Laboratory

Lewis Research Center

Cleveland, Ohio

19950123 08

Prepared for the

48th Mechanical Failures Prevention Group Meeting
sponsored by the Office of Naval Research
Wakefield, Massachusetts, April 19-21, 1994

NMA RESEARCH LABORATORY




APPLICATION OF FAULT DETECTION TECHNIQUES
TO SPIRAL BEVEL GEAR FATIGUE DATA

Accesion For

James J. Zakrajsek
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

NTIS  CRAZI
DTIC
Un

()

and

Robert F. Handschuh, and Harry J. Decker
Propulsion Directorate |
U.S. Army Aviation Systems Command g
Lewis Research Center | L
Cleveland, Ohio 44135 ! ; i
: i
VY
Abstract: Results of applying a variety of gear fault detection techniques to experimental data is
presented. A spiral bevel gear fatigue rig was used to initiate a naturally occurring fault and propa-
gate the fault to a near catastrophic condition of the test gear pair. The spiral bevel gear fatigue test
lasted a total of eighteen hours. At approximately five and a half hours into the test, the rig was
stopped to inspect the gears for damage, at which time a small pit was identified on a tooth of the
pinion. The test was then stopped an additional seven times throughout the rest of the test in order to
observe and document the growth and propagation of the fault. The test was ended when a major
portion of a pinion tooth broke off. A personal computer based diagnostic system was developed to
obtain vibration data from the test rig, and to perform the on-line gear condition monitoring. A
number of gear fault detection techniques, which use the signal average in both the time and fre-
quency domain, were applied to the experimental data. Among the techniques investigated, two of
the recently developed methods appeared to be the first to react to the start of tooth damage. These
methods continued to react to the damage as the pitted area grew in size to cover approximately
75% of the face width of the pinion tooth. In addition, information gathered from one of the newer
methods was found to be a good accumulative damage indicator. An unexpected result of the test
showed that although the speed of the rig was held to within a band of six percent of the nominal
speed, and the load within eighteen percent of nominal, the resulting speed and load variations
substantially affected the performance of all of the gear fault detection techniques investigated.

Key Words: Diagnostics; Failure prediction; Fatigue; Gear

Introduction: Drive train diagnostics is becoming one of the most significant areas of research in
rotorcraft propulsion. The need for a reliable health and usage monitoring system for the propulsion
system can be seen by reviewing rotorcraft accident statistics. An investigation of serious rotorcraft
accidents that were a result of fatigue failures showed that 32 percent were due to engine and trans-
mission components [1]. In addition, governmental aviation authorities are demanding that in the
near future the safety record of civil helicopters must match that of conventional fixed-wing turbojet
aircraft. This would require a substantial, thirtyfold, increase in helicopter safety statistics. Practi-
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cally. this can onlyv be accomplished with the aid of @ highly reliable. on-line health and usage
monitoring (HUM) svstem. A key performance element of a HUNM svsien is to determine it a fault
exists, as early and reliably as possible. Theretore research s necessary o develop and prove vari-
ous fault detection concepts and methodologie

A number of methods have been developed to provide carts detection of gear tooth damage. MeFadden
proposed a method to detect gear tooth cracks .md smH\ uxing the mstantuneous phase of the de-
modulated time signal [2]. Stewart devised several nme domain discriminant methods of which

FMO. a coarse fault detection parameter. and FAL an 1solated tault detection parameter, are the
most widely referenced [3]. Lvon [ and Liv [3] proposed using the instantaneous frequency of
the demodulated time signal to detect gear surtuce pitting. Methods NAG and NBA4 were recently
developed at NASA Lewis Research Center to provide carly detection of gear tooth surface dam-
age. and continue to react to the damiee as 1t spreads and crows i severiny [6]

Verification of these detection methods with experimenial duta along with @ compurison of their
refative performance is a crucial step in the overad! process of developing o highly reliable FIUM
system.

In view of the aforementioned. it becomes the ohjoct of the rescarch reported heren to determine
the relative performance of the detection methods as they are applied o experimental datas Bach
method is applicd to vibration data obtained from a sprral bevel wear fatigue rig at NASA Lewis,
where the test gears are run until u futizue fuilure vocurs, [n the testused in this study, ¢ toth on the
pinion developed a pit during the first five and o halt hours of the run. The pit was allowed to

propagate over a majority of the tooth. resulting in tooth fracture. The performance of cach method

is discussed. and overall conclusions are presented.

Theory of Fault Detection Methods: All of the methods 1 this investization utilized vibration
data that was pre-processed as itwus collected. To ¢l

ent with the rotational speed of [hl_ spirad bevel st pinon, the raw vibration datiowas time synchro-

iminate the notse and vibration that s incoher-
nous averaged immediately after bemng ¢ ilglu/w. During time svonchronous wyeraging. the data was
also mterpolated to obtain 1024 points over five complete

methods befow were then apphicd o the tme averaged and m[:rp(»m[ul vibration data.

~volutions of the test pinion. Each ot the

FMO is formulated to be an indicator of major tuulis na vear mesh by detecting major changes m
the meshing pattern [3]. FMO 1s found by dividing the peak-to-peak Tevel of the signal average by
the sum of the amplitudes of the mesh frequenay and iis hurmonics. In major wooth faules, such as
breakage. the peak-to-peak level ends to inereesc, resuliing in FMO increasing. For heavy distrib-
uted wear or damage. the peak-to-peak remains somewhut constant but the meshing frequency lev-
els tend to decrease. resulting i FMO increasing.

FM4 was developed to detect changes i the vibration pattern resulting from dumage on o limited
number of teeth [3]. A difference signul is tirst construcied by removing the regular meshing com-
ponents (shaft frequency and harmonics, primary meshing frequency and harmonies along with
their {irst order sidebandsy from the original signul. The faurth noemalized statistical moment (nor-
malized kurtosis) is then applied o this difference sivnal, Fora gear in good condition the difterence
signal would be primarily Gaussian noise. resulting ina normalized Kurtosis value of 3 tnon-dimen-
sional). When one or two teeth develop a defect rauch s cocrack. or pittingy a peak or sertes of peaks

appear in the difference signal. resulting in the nermidized kurtosis v ;llL e to inerease bevond the

nominal value ot 3.




A demodulation technique was developed to detect local gear defects such as fatigue cracks, pits
and spalls [2]. The basic theory behind this technique is that a gear tooth defect will produce side-
bands that modulate the dominant meshing frequency. In this method the signal is band-passed
filtered about a dominant meshing frequency, including as many sidebands as possible. The Hilbert
transform is then used to convert the real band-passed signal into a complex time signal, or analytic
signal. Using the real and imaginary parts of the analytic signal, the instantaneous phase (I.P.) can be
estimated from the filtered sidebands. Teeth with a surface failure, or fatigue crack, will cause a lead
or lag in tooth contact during meshing, resulting in transient changes in the gear rotation. These
transient changes in rotation will dominate the I.P. function. The standard deviation of the LP. is
then calculated over one complete revolution of the pinion to produce a single number in order to
quantify the relative variance of the LP. at each point in the run.

Another technique was proposed in which the rate of change of the instantaneous phase is calcu-
lated [4, 5]. This rate of change, or instantaneous frequency (LF.), is sensitive to the transient rota-
tional speed changes caused by teeth with surface defects, or root cracks, going through the meshing
process. The instantaneous frequency and instantaneous phase are different representations of the
same physical phenomenon, however the instantaneous frequency is, by definition, more sensitive
[4]. A small change in phase within a very short time would result in a correspondingly large change
in the LF. The LF. is also calculated from a bandpassed portion of the time signal, using the Hilbert
transform. The LF. is found using equation 1 below:

b(HH'Tb(1)] - b (HH[b(H)}

f(t)= f 1
() 2mE2(0) c M
where
f(t) instantaneous frequency (Hz)
b(t) band passed signal
b'(t) first derivative of band passed signal
H[b(t)] Hilbert transform of band-passed signal
H'[b(t)] first derivative of Hilbert transform of bandpassed signal
E(t) envelope of bandpassed signal (magnitude of complex time signal)
fc carrier, or center, frequency of band (primary mesh frequency)

The standard deviation of the LF. is then calculated over one complete revolution of the pinion to
produce a single number in order to quantify the relative variance of the LF. at each point in the run.

NA4 is a method recently developed at NASA Lewis to not only detect the onset of damage, but

also to continue to react to the damage as it increases [6]. Similar to FM4, a residual signal is

constructed by removing regular meshing components from the original signal, however, for NA4,

the first order sidebands stay in the residual signal. The fourth statistical moment of the residual

signal is then divided by the current run time averaged variance of the residual signal, raised to the
second power, resulting in the quasi-normalized kurtosis given in equation 2 below:

S 4

N (5 -7)
j

NA4(M) = i=l
=
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r residual sional

T mean value of residual signal

N total number of tme points i time recond

1 data point number m time recond

M current time record number i run cnscmble
] tme record number in run ensemble

In NA4. the kurtosis is normalized. however o normalized using the varianee nt‘ the restdual
hore NAL s being caleulated.
al e CF‘H\’LLHU} hmg compared to the running

i

-

signal averaged over the run up to the current trme recond nu
With this method. the changes i the restdual s

average of the variance of the svaten. or g buscline for the specitic svstem in “good”

condition. This allows N AL to grow with the severine ot the tuulo untl the average ol the vartanee
itself changes. NAL amodificd version of NA el < the PUrLNCICr o contnue to erow further
by “locking™ the value of the averaped variu
mined statistical Hmits. As with FAL NAS v dimensionle

cowhen the imstanzaneous varanee exeecds predeter-

ith o ovalue of 30 under nominal
conditions.

NB 15 another parameter recently develoned ct NASA Lewis, NDBe s similar to NA i that it also
I A :
vion 2 ehove The me um Jifterence 1s that instead ot

uses the quasi-normalized kurtosts given i egus

using a residual signal, NBuses the envelope of the
As with the other demodulution techniques. the
(primary) meshing frequency. Using the H'lh'-rt trenstorn wocomotes tme stgnal s created in which
the real part is the band-pass signall and the . ~'m'~'} nwrt i~ the Hilbert ranstorm ot the signal.
The envelope s the magnitude of this comples 'Im stenad and reprosents an estimate of the ampli-

nal b tvnl_‘:\;a\\;d about the mesh frequency.
s hand-passed fleered about the dominant

tude modulation present m the signal due to the sidebus J.\. Amphitede modulanon inasignal is most
often due to transient variations in the locdinge. Toe basie theors behind this method is that o few
damaged teeth will cause transient Towd ﬂu ST
thus be observed in the envelope of the stonal, NS5 cen be caleuluted using equation 2 above, with

Lo the normal tooth Toad fluctuations, and

the exception of substituting the em :lw} cof e stznalm place of the residuad signal, NBA uses the
same modification technigue ax NAL NES 1~ alao dimensionlessowith avalue of 3 under nominal
conditions.

Sl on the test pindon shown i flgures |
rove ot o tlustrated i frgure Y at NASA

i tostindy the effects of vear tooth desten,

Apparatus and Gear Damage Review: The

through 8. was obtamed using the spire! hewel cour
Lewis Rescarch Center, The primiary purnose of 1
gcar materials, and lubrication tv pL.\ on the rasiczue

ot arrcrart qualiny gears, Because spiral

bevel gears are used extensively in helicopier xxt\mi\\i.\:l\ o iranster power between nonpuarallel
intersccting shatfts. the use of this tutizue ric fordingnosiios studies wexoemely practical. Vibration
' bt h;"r'm“ housing was captured using an on-
w andos todi
mth gqxz‘ have w33 degree spiral angle o T

data from an accelerometer mounted on the pi

line program running on apersonal compuier wi 1l conversion board and anti-

aliasing filter. The 12-tooth test pimon, and the

face width, a 90 degree shatt ancle. and @ 22,5 devree prossure angle. The plmn Yiransmits 720 } P,
at a nominal speed of 14,400 rpn

Pictures of tooth dumage on the pinion ot ;l:"i\ wrsstoes i the tost are thustrated i frgures §through

8. Atthe first rig shut-down. at ahout five und whalt hours mee the st w small pit was observed on

one of the teeth on the tost pumon. as lasirated L PoThe rie was shut-down an additonal

seven times to observe and document the demece os i procressed during the run. As seen i figures

2 through 4. the pitted wrew graduadls spread ©o cover over 7370 of the tace of pinion tooth, At




approximately twelve hours into the run, pitting started to appear on adjacent teeth, as seen in figure
5. The pitting on the adjacent teeth continued to grow until it covered a majority of the face of three
adjacent teeth on the pinion, and part of the face on another adjacent tooth, as seen in figure 7, taken
at approximately sixteen hours into the run. The run was stopped when it was found that one of the
three heavily pitted pinion teeth experienced a tooth fracture, losing one third of the tooth, as illus-
trated in figure 8. The break-off occurred sometime between the seventh shut-down (16.16 hours)
and the end of the test (17.79 hours).

Discussion of Results: Figures 10 and 11 illustrate the minor speed and load fluctuations present
during the run. Figures 12 through 20 illustrate the results of applying the various fault detection
methods to the experimentally obtained vibration data. In all of the figures from 10 through 20, the
vertical dashed lines numbered 1 through 8 correspond to the eight rig shut-down times, with the
resulting damage documented in figures 1 through 8, respectively.

The fluctuations in speed and load over the course of the run were found to have significant effects
on the response of the fault detection techniques. As seen in figure 10, the rig speed varied within a
band of approximately 6% about the nominal pinion speed of 14,400 rpm. From figure 11, it also
can be seen that the gear torque varied within a band of approximately 18%. The sharp change in
speed and load that occurred at approximately 8.75 hours into the run, shortly after shut-down #3,
affected the response of all of the parameters, in particular NA4. As seen in figure 15, the response
from NA4, and NA4*, more than doubled, not due to a major increase in damage, but to the load and
speed change at that point. The step changes in speed following shut-downs 4, 5, and 6, and the
gradual change in speed in the interims between shut down are clearly evident in a majority of the
parameters. The various levels of parameter response for FMO, FM4, NA4, and NB4, as seen in
figures 12, 14, 15, and 16, respectively, can be directly linked to the speed changes. The sudden drop
in parameters NA4 and NB4 at approximately 3.75 hours, as seen in figure 13, corresponds exactly
to the shift in gear torque at that time, as shown in figure 11.

As seen in figure 12, the parameter FMO shows only moderate changes as the damage starts and
progresses. A majority of the variations in FMO are most probably due to the speed and load varia-
tions during the run.

Parameters NA4 and NB4 are the first to react to the pinion tooth damage, as seen in the first 6.5
hours comparison plot of NA4, NB4, and FM4, illustrated in figure 13. The damage observed dur-
ing shut-down number 1, illustrated in figure 1, occurred sometime between the start of the run and
the time of the first shut-down, 5.50 hours. In earlier studies, parameter NA4 was shown to be very
reliable and sensitive to the start of pitting damage [6]. At approximately 1.25 hours into the run
both NA4 and NB4 increase from the nominal value of 3 to values from 4 to 6, thus indicating the
start of tooth damage. Both NA4 and NB4 drop in amplitude at approximately 3.75 hours, coinci-
dent with, and thus influenced by, the change in gear torque that remains until the first shut-down
(5.5 hours).

Parameter FM4 did show a possible reaction to the pit at approximately 3 hours into the run, as
illustrated in figure 14. FM4, however, gives no coherent indication as the pitting grows in severity,
even when it is still limited to a single tooth, i.e. up to approximately 10 hours into the run. This is
surprising since FM4 was designed to be a single tooth defect parameter. Most of the changes seen
in FM4 are due to corresponding load and speed changes.

As seen in figure 15, NA4 not only gives an initial reaction to damage at 1.25 hours, but it also
continues to react as the damage increases. When the rig is restarted after shut-down #1, NA4
increases steadily to a value of 7, as the damage progresses from the small pit in figure 1, to the pit




seen in figure 2. (covering 30 of the toothn, NA then contiues 1o mu“*\ to avalue of 17, as the
pit arows to cover over 7360 of the tooth surfuce. as iliusrate din fizure 30N A then progressively

drops down, as its run averaged denominator inoreises, NA mainting its sensitivity, due to the
denominator being locked. and thus continuing the compuarison of current conditions to the denomi-
in. the speed and torque influences on pa-

nator rcprc%cminﬁ the svstem in “good ™ condinon, Azt
rameters NAZ and NAL are clearly seen. esnecia!ly newr shus-downs 304 and 5.
Parameter NB4 shows trends very similar to those seen 1 NAG exeept NBA4 gives wmore robust
reaction to the damage. As seen in figure 1o, NB- increases froma value of S forthe observed smuall

pit, figure 1, to a value of 23, s the pit covens S0 o e oot the fioure 20 When the pitting covers
over 756 of the tooth. figure 3. NBt increises tow vadue of L0 A with purameter NAGT N NB4# 1s
used to maintain the response throush the end of the st Azain, the speed and Toad VAriaons

clearly affeet the response of parameter NBund N B—» Cws soen in fieure 16, near rig shut-downs 3,
4.5, and 6.

Figures 17 and 18 present the results of qm;mw*'ng the standuard deviation of the instantancous

Jeoand = sidebund, respectivelys As

frequency (11 of the bandpassed signad using = 2 sideban res
seen in figure 17, the LE. gives wrobust reiction onoy ihe pitling i cstublished, at 3.5 hours, This
shut-down =1 However, netther the

reaction is coincident with the stwrt-up o the ric. ol

speed nor load change sutticiently enough wr the sturt-up o caise the LEs ininal and sustained

reaction at that point. Unfortunately. the ultresensite i, of tis parameter nukes it valnerable to
noise in the signal. even though the noise hos been minnnized with ume sunchronous averaging.

Because the gear ratio of the tost mesh s exuctly 3bo1 s nearl impm\iblc to remove the gear

vibration from the pinion vibration signal Some of the noise in the results shownin figure |7 could

be due to the cumhimtion of vear noise 1 the siznuh and the inereused sensitiviny of the parameter.
Reducing the number of sidebands used o onlv = Do e ettort o reduce notse i the s gml. results

in eliminating some of the fault informaiion from the siznuls as hstruted o faee 1S,

The standard deviation of the insiantencous phuse L2 lusirated i figure 190 As seen o this
figure, the LP. gives a robust reaction ut 3.5 hours mnte the i, arter the pit has been established. The
[P, increases as the pit grows to cover over 757 e tooth faces simitlar to NAd and NB- however
in a less steady manner. The TP continues to readt o the end of the tost, Fluctating in sone cases as
result of the speed chanoes, [tis not known whe the LR cwve ne clear redaction to the pitting prior
to 5.5 hours mto the run.
Figure 20 shows the denominctor of purame WIvarianee of the envelope of
the bandpassed signal. Due to the run Li\':fu;" ,

grows from the initial small pit to the end of the et Trares u \t;;xd; inddicution of aecumulative

increnses steadity as the pit
. « N 1 1 y N NN ) v - R S (NI
damage without the influence of speed or fowd et

Based on the results just pl‘cwmgd parsmicters VA und NBL cuee the best mdication of the start
and initial progression of pitting dumaze, As discusseds N and NB Jetected ooth damage at
approximately 1.25 hours into the runs which s the Tirs indication of all the met hml\' investi-
gated. NA4 and NB4 continued to increise ws the priins damage nereused to cover over 737 ot the

pinion tooth.

An unexpected result of this study showed that althoush the spead of the rig was held to o band
within six percent of nominal speed. and the Toud was held 1o within o band of clohteen pereent of
nominal. the resulting speed und load variwzions present during the st substang ally attected the
To inereuase the reliability of the

performance of all the gear fault detection wehmniques 1ot



parameters over speed and load variations, the more promising parameters, NA4 and NB4, should
be modified to adapt to the different load and speed baselines to give consistent values based on
damage alone, regardless of operating conditions.

Conclusions: Based on the results of applying a number of gear fault detection techniques to ex-
perimental data from a spiral bevel gear fatigue rig, the following conclusions can be made;

1) Parameters NA4 and NB4 were the first to react to the gear surface damage, and thus are good
indicators of initial pitting.

2) Parameters NA4 and NB4 continued to react as the surface pitting increased to cover over 75% of
the face width of the pinion, thus indicating increasing damage severity.

3) The run-normalized variance of the bandpassed signal’s envelope (denominator of NB4) was
found to be a good accumulative damage indicator.

4) The standard deviation of the instantaneous phase and instantaneous frequency gave robust indi-
cations of the pitting damage, once the pitting was established. These parameters, however,
are more sensitive to noise in the signal.

5) All of the methods were sensitive to the minor changes in rig speed and load. Additional research
is needed to modify methods, such as NA4 and NB4, to give reliable indications, regardless
of speed and load.
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Figure 3.—Pinion damage at t = 8.55 hr. Figure 4.—Pinion damage at t = 10.03 hr.



Figure 7.—Pinion damage at t = 16.16 hr. Figure 8.—Pinion damage at t =17.79 hr (end).
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